This note presents a simple method to control the speed of the autonomous capillary flow using an array of hydrophobic patterns. The microfluidic system in this note was composed of two planar parallel plates that were separated by spacers. The bottom plate had a hydrophilic microchannel which was surrounded by hydrophobic tracks. The top surface was relatively hydrophobic compared to the bottom plate. These hydrophobic tracks and the hydrophobic patterns in the middle of the microchannels were patterned using PDMS stamps by contact printing. By controlling the ratio of hydrophobic area to the whole channel width and the distance between two plates, it was possible to control the capillary flow speed at specific positions. Using this method, it is expected to achieve a sufficient incubation time for biological reactions in microfluidic devices using the capillary flow.
Introduction
Control of liquid within microchannels is at the heart of microfluidic systems for chemical, biological and medical applications [1] [2] [3] [4] . In recent years, many techniques have been developed for various operations such as metering, transporting, positioning and mixing liquid. These techniques generally rely on active control by mechanical pumping [5, 6] , electro-osmotic force [7] , electrowetting [8] and magnetic fields [9] . These active controls provide rapid and precise manipulation of small amount of liquid for microfluidic systems. However, these need additional energy sources or equipment such as a mechanical pump, a power supplier, a function generator and a voltage amplifier. This causes the increase of size, cost and complexity of microfluidic devices and several passive control methods have been researched to overcome these drawbacks.
As a passive control method, capillarity or capillary action has been used for microfluidic systems. Capillarity is a natural phenomenon caused by surface tension effects, where liquid wets the interior of capillaries according to adhesion and cohesion forces. When this capillary action is used for microfluidics, the wetting property of microchannels has a significant effect on the liquid behavior. While water autonomously penetrates into a microchannel that has a hydrophilic surface inside it, it does not flow into hydrophobic surfaces without additional pressure. Taking advantage of this effect, it was possible to control the flow of liquid inside microchannels [10] , fabricate a microchannel with no wall [11, 12] , and make a stop valve using hydrophobic patches [13] [14] [15] [16] .
Generally, biological reactions need sufficient incubation time to complete the reactions and achieve the maximum signals [17, 18] . However, in previous control methods using capillary flow [10] [11] [12] [13] [14] [15] [16] , it was required to introduce additional manipulations to resume the flow which was blocked by hydrophobic surfaces. In this respect, if stopping and resuming the motion of the capillary flow are autonomously controlled by 'programmed' microfluidic design, the microfluidic system could be more similar to an ideal system.
In this note, a simple method was proposed to control the autonomous capillary flow with a passive method. The capillary flow can be retarded with appropriate hydrophobic patterns in hydrophilic channel surfaces. The microfluidic system consists of two planar parallel surfaces, separated by spacers. Liquid is confined with hydrophobic tracks with no wall and hydrophobic patterns are implemented into a microfluidic channel. Using the array of hydrophobic patterns, it is possible to control the capillary flow speed and get a proper delaying time at specific position in microchannels.
Concept
The autonomous liquid filling in microchannels can be explained in terms of energy changes in the solid-liquidgas interface system [10] . The total interfacial energy of the system, U T , can be written as follows: 
The pressure inside the liquid, P, can be written as a function of the injected liquid volume V L . Introducing equation (2) into equation (1) , the pressure inside the liquid can be expressed as
The microfluidic system in this note is formed by two planar parallel plates that are separated by a distance h as shown in figure 1 . The bottom plate (surface 1) has a hydrophilic microchannel with a width w 0 which is surrounded by hydrophobic tracks (surface 3). These hydrophobic tracks work as a virtual wall to confine a liquid in a microchannel. The top plate (surface 2) is relatively hydrophobic compared to the bottom plate. Hydrophobic patterns position in the middle of the microchannel and each pattern has a rectangular shape with a length L and a width w 1 (figure 2). When the liquid moves into the microchannel from an inlet hole, three steps can be considered as shown in figure 2. The first step occurs when the liquid flows into the hydrophilic surfaces between two hydrophobic tracks like figure 2(a). The liquid does not spread out due to the relative hydrophobic property of the top surface. In this case, the pressure in the liquid, P 1 , can be written using equation (3) as the following.
where γ is the surface energy of the liquid, θ 1 and θ 2 are the liquid contact angles to the bottom (surface 1) and top (surface 2) surfaces respectively, h is the distance between the top and bottom surfaces, and w 0 is the width of the microchannel. If P 1 has a positive value, the liquid fills the microchannel by capillary force. The second step is the case when the liquid meets hydrophobic patterns inside the microchannel in figure 2(b). In this case, the average wetting property of the microchannel surface is changed and that influences the pressure in the liquid. We define a parameter, R, which is a ratio of hydrophobic area to the whole channel width:
where n is the number of hydrophobic patterns. The pressure in the liquid at the second step, P 2 , is written using equations (3) and (5) as the following:
where θ 3 is the liquid contact angle to hydrophobic patterns. In equation (6) , the value of R ranges from 0 to 1 and cos θ 3 is negative due to the hydrophobic property of surface 3. Therefore, the pressure at the second step is smaller than that at the first step. When the liquid meets hydrophobic patterns, its speed decreases according to the reduced pressure. In addition, as the distance between two plates, h, increases, P 1 and P 2 decrease according to equations (3) and (6) if the other parameters are fixed. Finally, when the flow reaches the end of hydrophobic patterns, the pressure in the liquid recovers to that at the first step and this leads the recovery of the flow speed as shown in figure 2(c).
As a result, it is possible to control the speed of the capillary flow in microchannels by implementing an array of hydrophobic patterns. 
Experimental details

Fabrication of a microfluidic device
The microfluidic patterns were fabricated with SU-8 50 photoresist (Microchem Corp) on the silicon wafers by using UV photolithography. A well-mixed liquid PDMS prepolymer (Dow Corning, Sylgard 184 A:B = 10:1) was poured onto the SU-8 master, degassed and cured in an oven at 70
• C for 1 h. The cured PDMS stamps were peeled off from the master. Figure 3 shows the schematic illustration of patterning hydrophobic tracks and patterns by contact printing with the PDMS stamp. Hydrophobic materials for hydrophobic patterns were prepared by mixing the PDMS prepolymer and chloroform (Daejung Chemicals & Metals Co. Ltd.). Liquid PDMS diluted with chloroform was spin coated on a glass slide (Corning) at 4500 rpm for 30 s. To transfer the liquid PDMS to the PDMS stamp, the previously fabricated PDMS stamp was put on the glass slide with conformal contact for 30 s. After that, to form hydrophobic patterns and microfluidic channels on a substrate, the PDMS stamp was peeled off and put on a standard format microscope glass slide (Corning). After 30 s, the PDMS stamp was removed from the glass slide and the PDMS patterns on the glass slide were cured in an oven at 70
• C for 15 min.
Patches of adhesive tape (467 MP-50 µm thickness, 468 MP-130 µm thickness, 3 M) were attached on the glass slide as spacers. The patches were positioned at four points on the substrate to maintain the top and bottom surfaces at a fixed distance. A PMMA plate (LGMMA) with a hole was placed on the spacers as a top surface.
Characterizaiton of a microfluidic device
To investigate the wetting property of hydrophobic patterns, contact angles of water on hydrophobic surface were measured using KRUSS G2 instrument (KRUSS). Five points were chosen for measurements and the arithmetic mean of the five values was calculated.
A stereomicroscope (SZX12, OLYMPUS) with a CCD color camera (TOSHIBA) was used to observe the movement of the liquid-gas interface. Continuous video recordings were used to analyze the position of the liquid meniscus. 10 µL distilled water was dispensed at the inlet of the microfluidc device at every measurement.
The video recordings were analyzed using an image processing software, Pinnacle Studio 8.0. The position of the liquid meniscus was determined by splitting each recording into frames. The sampling rate of video recording equipment was 30 frames sec −1 , corresponding to a resolution of 0.033 s.
Results and discussion
Hydrophobic patterning
The PDMS prepolymer was chosen for the hydrophobic material to manipulate the capillary flow because it wets most materials and has good hydrophobicity. It is difficult to directly coat the PDMS prepolymer on a glass substrate thinly because it has a high viscosity. Therefore, it was diluted with chloroform to control the thickness of hydrophobic patterns.
The thickness and dimension of PDMS patterns transferred on a glass slide varied according to the dilution factor, which is the mass ratio of chloroform to the PDMS prepolymer. To choose the appropriate dilution factor for patterning PDMS, the distance between rectangular patterns transferred on glass slides were observed by scanning electron microscopy. The results showed that the distance converged on the constant value as the dilution factor increased. From this experiment, the dilution factor of 25 was chosen because it was the beginning of the saturated value and enabled uniform transferring of liquid PDMS.
Contact angles of water to patterned PDMS, glass and PMMA were measured. Their average values were 102.3
• , 24.3
• and 72.0 • , respectively. 
Delay of capillary flow by hydrophobic patterns
The capillary flow in a microfluidic system that was composed of hydrophobic tracks and patterns was observed using a stereomicroscopy. The hydrophilicity of top and bottom surfaces plays a vital role in the autonomous capillary flow. When glass was used for the top and bottom surfaces, the capillary flow could not be confined and spread out along the top surface which had no hydrophobic tracks. To solve this problem, PMMA substrates which have lower hydrophilicity than glass were used for the top surface. Figure 4 shows the magnified image of liquid-gas interface when the flow was retarded by hydrophobic patterns. The interface went forward by hydrophilic surfaces whereas the interface on hydrophobic patterns formed concave lines. This phenomenon means that the local liquid pressure on hydrophilic patterns was positive whereas it was negative on hydrophobic patterns.
To show the quantitative control of the capillary flow speed, the delaying time at hydrophobic patterns was measured according to the designed hydrophobic pattern ratio, R. We also observed the effect of length of hydrophobic patterns and the gap distance between the top and bottom surfaces. Figure 5(a) shows the elapsed time while passing the hydrophobic patterns according to these parameters. The microchannel width, w 0 , was fixed to 1 mm. As described earlier, the delaying time increased as the hydrophobic pattern ratio, the length of hydrophobic patterns and the gap distance between top and bottom surfaces increased. When R, L, and h were 0.45, 300 µm, and 50 µm, respectively, the delaying time of 3.2 s was obtained. When L was changed to 600 µm, the delaying time increased to 7.77 s. When R has changed from 0.3 to 0.45 with L being 600 µm, the delaying time has changed from 0.53 s to 3.2 s. When R, L and h was 0.5, 600 µm and 50 µm, respectively, the flow stopped in hydrophobic patterns, which resulted from the negative pressure in liquid due to increased hydrophobicitiy of surfaces. Also, when h was increased from 50 µm to 130 µm, the delaying time was increased and the flow was stopped in the case of the hydrophobic pattern ratio of 0.45.
When 10 µL distilled water was dispensed at an inlet hole, the inlet static pressure level was about 2 mm H 2 O considering the geometry of the inlet hole and the volume of the dispensed drop. However, the pressure level was considered to have some fluctuations caused by the variation of the inlet hole shape, dynamics of dispensing and drop volume among the different testing cases. It is thought that the fluctuation of the inlet pressure had influence on the variation of elapsed time as shown in figure 5(a) .
To draw the pressure in liquid from the measured delaying time at hydrophobic patterns, the Hagen-Poiseuille equation was used as the following:
where Q is the volume flow rate, R H is the hydraulic radius, L 0 is the channel length, η is the liquid viscosity and P is the pressure difference. For noncircular channels, the hydraulic radius is defined as the ratio of the cross-sectional area to the wetted perimeter. Using equation (7) and elapsed time to pass hydrophobic patterns, the pressure in liquid at hydrophobic patterns was calculated as shown in figure 5(b). As described earlier from equations (4) and (6), experimental data show that the pressure in liquid was close to zero, while the pressure in front of hydrophobic patterns was more than a few kPa. However, there is some discrepancy between the simple theoretical model and experimental data. The theoretical pressure in liquid at h = 50 µm, L = 300 µm and R = 0.3 is 1.14 kPa from equation (6) , while the experimental pressure as shown in figure 5(b) is 59.0 Pa. It is thought that this was because the modeling of the microfluidic system neglected the complex shape of liquid-gas interface and other forces such as friction and gravity. Furthermore, the real value of the hydrophobic pattern ratio in the experiment would be higher than the designed value as discussed earlier.
Despite the difference between the theoretical model and the experimental results, this control method showed the potential to control the speed of the autonomous capillary flow by a quantitative manner. In addition, it is possible to obtain a longer delaying time according to the number of hydrophobic patterns by positioning hydrophobic patterns repeatedly along the microchannels.
Another limitation of this work is the fact that experiments were entirely done on distilled water. To verify the potential of this concept to actual applications such as biological and chemical reactions, it is necessary to test diverse solvents including physiological fluids. This is attributed to the fact that most physiological fluids have higher viscosity than water due to various biological contents. In this respect, this technique will be modified and applied to the actual microfluidic systems with physiological buffers or other viscous solutions such as serum in future works.
Conclusion
We have presented a theoretical and experimental method to control the speed of the autonomous capillary flow using hydrophobic patterns. A simple microfluidic device was fabricated with hydrophobic tracks and two parallel plates that were separated by a fixed distance with spacers. Hydrophobic tracks and hydrophobic patterns were made by transferring liquid PDMS onto a glass slide that was diluted with chloroform. By controlling the ratio of hydrophobic patterns to the whole channel width, R, we could control the speed of capillary flow quantitatively. The effect of the length of hydrophobic patterns and gap distance between the top and bottom surfaces was observed.
This flow control method is expected to be applicable to microfluidic systems such as micro total analysis systems or lab-on-a-chips that require a sufficient reaction time or incubation time. This method may help to increase reaction efficiency and improve the assay sensitivity.
